Bacterial microcompartments are polyhedral bodies composed entirely of protein that function as organelles in bacteria; they promote subcellular processes by encapsulating and co-localizing targeted enzymes with their substrates. The best-characterized bacterial microcompartment is the carboxysome, a central part of the carbon concentrating mechanism that greatly enhances carbon fixation in cyanobacteria and some chemoautotrophs. Here we report the first structural insights into the carboxysome of Prochlorococcus, the numerically dominant cyanobacterium in the world's oligotrophic oceans. Bioinformatic methods, substantiated by analysis of gene expression data, were used to identify a new carboxysome shell component, CsoS1D, in the genome of Prochlorococcus strain MED4; orthologs were subsequently found in all cyanobacteria. Two independent crystal structures of Prochlorococcus MED4 CsoS1D reveal three features not seen in any BMC-domain protein structure solved to date. First, CsoS1D is composed of a fused pair of bacterial microcompartment domains. Second, this double-domain protein trimerizes to form a novel pseudohexameric building block for incorporation into the carboxysome shell, and the trimers further dimerize, forming a two-tiered shell building block. Third, and most strikingly, the large pore formed at the 3-fold axis of symmetry appears to be gated. Each dimer of trimers contains one trimer with an open pore and one whose pore is obstructed due to sidechain conformations of two residues that are invariant among all CsoS1D orthologs. This is the first evidence of the potential for gated transport across the carboxysome shell and reveals Klein et al. 01/08/09 3 a new type of building block for bacterial microcompartment shells.
Summary
Bacterial microcompartments are polyhedral bodies composed entirely of protein that function as organelles in bacteria; they promote subcellular processes by encapsulating and co-localizing targeted enzymes with their substrates. The best-characterized bacterial microcompartment is the carboxysome, a central part of the carbon concentrating mechanism that greatly enhances carbon fixation in cyanobacteria and some chemoautotrophs. Here we report the first structural insights into the carboxysome of Prochlorococcus, the numerically dominant cyanobacterium in the world's oligotrophic oceans. Bioinformatic methods, substantiated by analysis of gene expression data, were used to identify a new carboxysome shell component, CsoS1D, in the genome of Prochlorococcus strain MED4; orthologs were subsequently found in all cyanobacteria. Two independent crystal structures of Prochlorococcus MED4 CsoS1D reveal three features not seen in any BMC-domain protein structure solved to date. First, CsoS1D is composed of a fused pair of bacterial microcompartment domains. Second, this double-domain protein trimerizes to form a novel pseudohexameric building block for incorporation into the carboxysome shell, and the trimers further dimerize, forming a two-tiered shell building block. Third, and most strikingly, the large pore formed at the 3-fold axis of symmetry appears to be gated. Each dimer of trimers contains one trimer with an open pore and one whose pore is obstructed due to sidechain conformations of two residues that are invariant among all CsoS1D orthologs. This is the first
Introduction
The cyanobacterium Prochlorococcus is the numerically dominant photosynthetic organism in much of the world's oceans. As such it is responsible for a significant fraction of biological carbon fixation in these systems. Like all cyanobacteria, Prochlorococcus is presumed to rely on a carbon concentrating mechanism to facilitate CO 2 capture and fixation 1; 2; 3 . Central to this mechanism is a microcompartment in the cell, the carboxysome ( Figure 1A ) which is the site of CO 2 concentration and fixation.
Carboxysomes are the foremost example of the polyhedral subcellular inclusions that have been termed bacterial microcompartments ( Figure 1A ), self-assembling protein shells that encapsulate enzymes and other functionally related proteins. In addition to carboxysomes, two other types of bacterial microcompartments are relatively well characterized (reviewed in 4; 5; 6 ); they function in propane-diol utilization (encoded by the pdu operon) and ethanolamine utilization (encoded by the eut operon) in heterotrophic bacteria.
Carboxysomes have been observed in all cyanobacteria and many chemoautotrophs. They contain the key enzyme of carbon fixation, ribulose1,5-bisphosphate carboxylase/oxygenase (RubisCO) 7 , which has a relatively high K M and as such is not a kinetically efficient enzyme. Its efficiency is further compromised because it catalyzes the apparently unproductive fixation of O 2 in competition with CO 2 . Cyanobacteria compensate for these deficiencies by encapsulating RubisCO within the carboxysome. In Prochlorococcus, apparently all of the cellular RubisCO is located in the carboxysomes 8 ; this is likely to be particularly important for this genus as the K CO2 value of its RubisCO (750 umol L -1 ; 3 )
is the highest known among cyanobacterial RubisCOs. Carbonic anhydrase (CA) activity, which converts the abundant intracellular bicarbonate to CO 2 is tightly associated with the carboxysome shell 9 . RubisCO derives a catalytic advantage not only from its proximity to CA activity in the carboxysome but also because the carboxysome shell impedes diffusive loss of HCO 3 -and CO 2 10; 11 .
There are two types of carboxysome, alpha and beta, distinguished by the form of RubisCO they encapsulate. Alpha (or cso-type) carboxysomes, containing Form 1A
RubisCO, are found in the dominant oceanic picocyanobacteria, Prochlorococcus and Synechococcus, and in chemoautotrophs, such as Halothiobacillus neapolitanus; beta carboxysomes contain Form 1B RubisCO and are broadly distributed among cyanobacteria, occurring in Trichodesmium, Thermosynechococcus, Synechocystis, Gloeobacter, and Crocosphaera, and others 12; 13 . The two types of carboxysomes have very different genomic architecture; the alpha carboxysome is encoded by an operon ( Figure 1B ) that includes genes for the large and small subunits of RubisCO, the carbonic anhydrase CsoSCA (formerly CsoS3), CsoS2, a protein of unknown function and two small shell proteins that form the vertices of the carboxysome 14 .
In contrast, the components of the beta carboxysome are encoded by several small, scattered gene clusters (the ccm genes; 4; 12; 15 Figure 1B ) and its genomic position relative to the other carboxysome genes are conserved in all sequenced Prochlorococcus strains, and indeed in all sequenced alpha carboxysome-containing cyanobacteria.
Here we report two independent crystal structures of PMM0547 at 2.2 and 2.3Å
resolution, and a model for its interaction with CsoS1 in the Prochlorococcus carboxysome shell. The structural models and several complementary lines of evidence suggest that PMM0547 is a carboxysome shell protein, therefore we have provisionally dubbed it CsoS1D.
Results

Identification of a New Cyanobacterial Carboxysome Shell Protein
The gene for CsoS1D was detected by scanning the Prochlorococcus MED4 Figure S3 ). The second crystal form (R3, rhombohedral) was subsequently solved by molecular replacement using the monomer from the orthorhombic crystal form structure as a search model. This consistency in domain fold is despite a difference in connectivity; both BMC domains of CsoS1D contain the permutation in secondary structure recently noted in PduU, a single-BMC domain shell protein of the bacterial microcompartment involved in 1,2-propanediol utilization 21 . Like PduU, the N-terminal ~34 residues of each BMC domain in CsoS1D contribute a beta-strand and a short alpha helix (1 and -helix A), to the overall fold of the domain; in the typical single-domain BMC proteins these secondary structure elements are instead contributed by the C-terminus.
The CsoS1D Trimer Forms a Pseudohexamer that Contains a Gated Pore at the
Three-fold Symmetry Axis
The asymmetric unit of the orthorhombic crystal form of CsoS1D contains six molecules tightly associated with one another, to form a dimer of trimers that constitutes a hexamer ( Figures 2D, 2E ). In the rhombohedral form, the two CsoS1D molecules in the asymmetric unit form a dimer, with the crystallographic three-fold axis generating a similar dimer of trimers. The interactions between the trimers to form a dimer of trimers/hexamer are discussed below. To quantify the differences between the monomers in the open and closed trimers, the six monomers in the asymmetric unit of the orthorhombic crystal forms were compared to one another (Table S2) 
CsoS1D is a Dimer of an Open and a Closed Trimer
The CsoS1D structure from the orthorhombic crystal form contains six molecules arranged as a dimer of trimers in the crystallographic asymmetric unit ( Figures 2D,   2E ). Likewise, in the rhombohedral crystal form, a dimer of open and closed trimers is revealed by applying the crystallographic symmetry to the two molecules contained in the asymmetric unit. In both cases, the dimer interface is formed by interaction between the relatively non-polar and hexagonal ( Figures 3B, 3D ) surface of the two trimers.
The interface between the two trimers buries 6,573 Å 2 of surface area (all surface areas are reported as the total surface area buried). The two surfaces fit snugly together ( Figures 2E, 4C ) as reflected by their shape correlation statistic, Sc.
Values for Sc range between 0 and 1; 1 being a perfect fit and 0 no interaction, 22 ; the Sc for the trimer-trimer interface of CsoS1D is 0.70 and 0.68 for the orthorhombic and rhombohedral crystal form structures, respectively. The trimer-trimer interface residues are primarily found on the A helix and the loop that connects the A helix to beta strand 2 in both the N-and C-BMC domains (residues 67-84 and 170-188; Figure   2C ); one of the most structurally variable regions between the class 1 and class 2 monomers. These are also the regions of secondary structure in the N-BMC and C-BMC domains that are permuted relative to known single-BMC domain proteins.
A closer inspection of the architecture of the CsoS1D hexamer reveals that the open and closed trimers are offset by a rotation of ~60° degrees across the dimerization interface. Thus, each monomer from one trimer thus interacts with two monomers from the opposite trimer ( Figure 2E ).
CsoS1D Models into a Carboxysome Shell Layer
In previous studies of the single-BMC domain carboxysome shell proteins, the proteins formed hexamers that tend to assemble into uniformly oriented layers in the between the closed trimer of CsoS1D and the adjacent CsoS1 hexamers was calculated; they indicate that modeled interaction is comparable to the interfaces among shell proteins that have been observed or modeled to-date (Table 1) .
DISCUSSION
The overall pseudohexameric structure of the CsoS1D trimer and its fit within a model layer of CsoS1 (Figure 6 ), suggest that it is part of the carboxysome shell of
Prochlorococcus. The amount of surface area buried (Table 1) The pore formed at the three-fold axis of the CsoS1D pseudohexamer is unique among bacterial microcompartment shell proteins that have been structurally characterized to date. CsoS1D is the first BMC protein structure to reveal a potential for gating at the pore (Figures 3, 4) . Because the sidechains of the conserved residues that line the pore in the CcmK1, 2 and 4 and CsoS1A hexamers are fully extended, these 4-7Å pores appear to be constitutively open 14; 16; 17 . In contrast, the In both crystal forms of CsoS1D, the protein was arranged as a dimer of trimers ( Figures 2D, 2E ) formed by the dimerization of the broader, more hexagonal, faces of two trimers. Several lines of evidence suggest that a dimer of trimers is a physiologically relevant form of CsoS1D. In general, interfaces in obligate oligomers, such as most homodimers, are large and relatively hydrophobic 28 ; in CsoS1D the dimerization buries a total of 6,573 Å 2 . Moreover, the face of the CsoS1D trimer buried by the dimerization is less polar than the opposite face that is exposed to solvent ( Figure 3) ; more than half of residues buried in dimerization are nonpolar (14 of 26 in each monomer). Furthermore, the fit between the two interfaces is snug; the shape complementarity is 0.70 for the orthorhombic crystal form and 0.68 for the rhombohedral crystal form (a typical value for an antibody:
antigen complex is 0.64-0.68 22 ). Finally, the residues interacting across the trimer-trimer interface also are strongly conserved; 21 of the 26 residues are identical among all Prochlorococcus and Synechococcus CsoS1D orthologs.
The stability of interaction between the trimers is likely enhanced by staggering the interactions among domains; each monomer in a trimer interacts with two different monomers in the opposite trimer ( Figure 2E) . Notably, the 26 residues each monomer contributes to the trimer-trimer interface are all found in the permuted segments of the primary structure (between residues 50-84 of the N-BMC and 156-190 of the C-BMC) in CsoS1D. Likewise, in the structure of PduU, the only single-BMC domain protein containing this permutation that has been structurally characterized, there is a similar dimerization of hexamers, which is likewise mediated by the permuted regions of primary structure 21 . The elution behavior of CsoS1D in size exclusion chromatography is also consistent with hexameric and larger assemblies (data not shown). Collectively these observations suggest that the dimer of trimers configuration, found in the two crystal forms of CsoS1D, is physiologically relevant.
A structural consequence of the tight appression of two CsoS1D trimers is a central channel formed by the continuity between the pores of the two trimers ( Figure   4D ) that is open on one end and closed on the other. The Glu120 and Arg121 residues involved in gating the opening are closer to the outer, solvent exposed surface of each trimer. The channel is approximately 73 Å lengthwise and ranges in diameter between 0 and 18 Å ( Figure 4D ). The interior of the channel is mainly positively charged ( Figure 4C ). The volume of the channel is substantial, 13,613 Å 3 , of sufficient size to be a microenvironment for ligand binding and catalysis.
Accordingly, we screened CsoS1D for a range of enzymatic activities and attempted co-crystallization with metabolites that must cross the carboxysome shell (e.g. RuBP and bicarbonate) but these experiments did not yield conclusive results.
While the trimeric/pseudohexameric structure of CsoS1D is compatible with current models for the facets of the carboxysome shell, the dimerization of the this subset is perhaps restricted to those containing the secondary structure permutation observed in CsoS1D and PduU, which also forms dimers of hexamers 21 .
Dyad shell building blocks may occur for a specific functional purpose and may be differentially regulated; CsoS1D's position outside of the known carboxysome operon and the expression profile of its Synechocystis ortholog slr0169 are consistent with this hypothesis. Based on the CsoS1-CsoS1D model, the second trimer could occur as a protrusion from the surface of the carboxysome (where, for example, it could be a part of an adjacent carboxysome). Alternatively, the second trimer could face the interior of the carboxysome, where it could play a role in organizing the interior enzymes RubisCO and/or CsoSCA.
CONCLUSIONS
There is compelling evidence that PMM0547 in Prochlorococcus (provisionally Poly-histidine tagged proteins were purified using the standard purification protocol recommended for use with Ni-TA resin (QIAGEN). To obtain higher purity preparations for use in SAXS, the recombinant PMM0547 protein was purified using TALON resin (CLONTECH). Proteins were eluted from these resins with 200 mM imidazole, 500 mM NaCl, 100 mM Tris-HCl (pH 8.0). The purified recombinant 0547 protein (5-10 mg/ml) was dialyzed overnight in 10 mM Tris-HCl (pH 8.0) at 4 ºC. Purified protein was stored at 4 ºC and diluted to 1 mg/ml with dH 2 O prior to setting up crystallization trials. We prepared crystals of seleniomethionine substituted protein to assist in solving the phases for the orthorhombic crystal form. Forty heavy atom selenium positions were identified from a dataset collected at the peak wavelength for selenium using the program Phenix.hyss using diffraction data in resolution ranges 30 to 3.5 Å, where the anomalous signal appeared to be strong based on results from the program xtriage in the Phenix software suite 30 . Heavy atom refinement and phasing was performed using autoSHARP 31 . Density modification using SOLOMON 32 produced exceptionally high quality electron density map calculated without NCS averaging to 2.3 Å. Using the density modified phases from SOLOMON, the program ARP/wARP 33 , implemented in CCP4 34 , constructed an initial model for the six monomers in the crystallographic asymmetric unit, including fitting the amino acid sequence into the correct registry. Model building was completed using the graphics program COOT 35 and a well defined NCS averaged electron density map ( Figure S3 ) produced using the phases calculated in SHARP after applying solvent flattening and density averaging procedures in the program RESOLVE 36 . Positional and B factor refinements and water-picking were performed using Phenix.refine.
Crystallization and Structure Determination
The stereochemistry of the final refined model was analyzed with the program Diffraction data from the rhombohedral crystal form was consistent with twinning as detected in xtriage from the phenix suite. Nevertheless, the structure was solved by molecular replacement methods using the monomeric form from the orthorhombic crystal form using the program Phaser 38 and refined to 2.2 resolution using phenix. The structure was refined using a twin fraction of 0.45. In R3 chain B the loop residues 120 to 122 are refined with occupancies of zero, as the electron density map that corresponds to this region of the polypeptide chain was not well defined.
Analysis of structure surface complementarity and surface area was performed with CCP4 programs SC 39 and AREAIMOL 40 , respectively. Least squares RMS deviation was calculated in CCP4 using program LSQKAB 41 . The model of CsoS1 was generated with SWISSMODEL 42 . The docking model of CsoS1D-CsoS1 was refined using CNS energy minimization program 43 . 
Clustering analysis of diel expression data
